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Hull, C.M., Raisner, R.M., and Johnson, A.D. (2000). Science 289,genes are expressed without MTL inputs in S. cerevisiae.
307–310.Second, in S. cerevisiae -type cells, the a-specific
Madhani, H.D., and Fink, G.R. (1998). Trends Cell Biol. 8, 348–353.genes are repressed by MAT2, which indicates that this
Miller, M.G., and Johnson, A.D. (2002). Cell 110, 293–302.homeodomain containing protein must have evolved the
Tsong, A.E., Miller, M.G., Raisner, R.M., and Johnson, A.D. (2003).ability to repress a unique set of targets relative to C.
Cell 115, this issue, 389–399.albicans. Third, an additional layer of regulation has
been added in C. albicans. Rather than the direct repres-
sion of mating type genes in heterozygotes, repression
is only direct for those genes preventing white-opaque
switching and the remainder is indirectly repressed via Transcription Initiationthe inability to switch to the mating competent opaque
at Its Most Basic Levelform. Finally, some genes that are under MTL control in
C. albicans are not in S. cerevisiae, and conversely,
many more genes are under MTL control in S. cerevisiae
but not in C. albicans.
The structure of the initiator binding protein from theMany aspects of the mating type regulatory circuit are
primitive eukaryote Trichomonas vaginalis revealsconserved in C. albicans, but the prevalence of mating
how a single protein can orchestrate promoter recog-among natural isolates and its relation to virulence are
nition, RNA polymerase II recruitment, and start sitepoorly understood, so a question that remains is why
selection, and provides an evolutionary link with tran-mating might be so important as to remain evolutionarily
scription initiation in higher eukaryotes.conserved? One possibility is that researchers simply
don’t know where to look to find environmental condi-
tions favorable for mating. An alternative hypothesis is The core promoter elements of protein-encoding genes
that the MTL is conserved because it is also required are sites of assembly for protein factors that are required
to regulate other important life history characteristics. for transcription initiation, a process also know as start
Although not pondered in this paper, these data may site selection (Smale and Kadonaga, 2003). In metazoan
finally provide the link between mating, phenotype, and organisms, the core promoter contains one, or typically
virulence in C. albicans. Another form of phenotypic more, sequence motifs, including the TATA box, initiator
switching in C. albicans involves a change to pseudohy- (Inr), TFIIB recognition element (BRE), and downstream
phal growth. Pseudohyphae have a demonstrated rela- core promoter element (DPE). Together, these DNA ele-
tionship with virulence and many of the key regulators ments recruit components of the transcription preinitia-
of this switch (Madhani and Fink, 1998), which are also tion complex that facilitate the recruitment of RNA poly-
under MTL control in S. cerevisiae, are herein shown to merase II for start site selection and the communication
be under MTL control in C. albicans. Some of these with sequence-specific transcription factors bound to
genes include: homologs of GPA1, which is required other cis-acting DNA sequences, such as enhancers or
for filamentous growth in Cryptococcus neoformans; silencers, for regulated transcription. The large subunit
homologs of EFG1, previously shown to be required for of RNA polymerase II from widely diverged metazoans
pseudohyphal growth in C. albicans; and a MAP kinase contains a highly conserved carboxyl-terminal domain
regulator, KSS1, which has been shown to provide pseu- (CTD) that is comprised of tandemly repeated heptads
dohyphal specific response to mating type inputs (Mad- with the consensus sequence YSPTSPS that can extend
hani and Fink, 1998). as long as 52 repeats in mammals. Functional studies
This study presents several exciting avenues of future show that the CTD plays a critical role in formation of the
study, including the elucidation of how repression and preinitiation complex as well as a phosphodependant
protein interaction domains evolved in the lineage lead- regulatory role in transcription elongation and termina-
ing to S. cerevisiae, a mechanistic understanding of how tion (Hirose and Manley, 2000).
target genes can come under the control of different Because of the complexity and heterogeneity of se-
regulators, as well as new approaches to treating candi- quence motifs in the core promoters of metazoan organ-
diasis. isms, the mechanism by which RNA polymerase II, its
CTD, and other core promoter binding proteins coordi-
nate start site selection is poorly understood. This isBarry L. Williams
particularly true for promoters that do not contain aLaboratory of Molecular Biology and
TATA box. The deep-branching protozoan TrichomonasHoward Hughes Medical Institute
vaginalis, on the other hand, provides a simpler systemUniversity of Wisconsin
for understanding start site selection, since the Inr isMadison, Wisconsin 53706
the only known core promoter element in this organism,
and this element is architecturally and functionallySelected Reading
equivalent to its metazoan counterpart (Keeling and
Palmer, 2000). Johnson and colleagues recently identi-Bennett, R.D., and Johnson, A.D. (2003). EMBO J. 22, 2505–2515.
fied a 39 kDa initiator binding protein (IBP39) that bindsCarroll, S.B., Grenier, J.K., and Weatherbee, S.D. (2001). From DNA
to Diversity (Malden, Massachusetts: Blackwell Science, Inc.). to the Inr of T. vaginalis (Liston et al., 2001), and in this
issue of Cell, Schumacher and colleagues (SchumacherHaag, E.S., Wang, S., and Kimble, J. (2002). Curr. Biol. 12, 2035–
2041. et al., 2003) report on the structure of IBP39 in the pres-
ence and absence of Inr DNA.Hull, C.M., and Johnson, A.D. (1999). Science 285, 1271–1275.
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IBP39 has an N-terminal Inr binding domain (IBD) and
a C-terminal domain of unknown function (Lau et al.,
2003). Schumacher and colleagues present the struc-
ture of the unbound Inr binding domain, the Inr binding
domain bound to DNA, and the C-terminal domain of
IBP. The structures reveal some very interesting sur-
prises. The first has to do with the IBP Inr binding domain
and the mode of DNA recognition. The monomeric IBP
Inr binding domain shows a somewhat novel “hybrid”
DNA binding architecture that contains properties of
prokaryotic helix-turn-helix (HTH) DNA binding domains
(Harrison and Aggarwal, 1990) and those of higher
eukaryotic ETS DNA binding domains (Sharrocks, 2001),
despite having no sequence homology with these DNA
binding domains (Figure 1). The IBP Inr binding domain
and the ETS DNA binding domain show a highly super-
imposable structural scaffold for presenting a DNA-rec-
ognition helix into the DNA major groove; however, in-
stead of presenting an extended recognition helix for
major groove contact, as is the case with the ETS DNA
binding proteins, the corresponding helix of the IBP Inr
binding domain is shorter and is followed by a short
turn and a second helix, which together superimpose
remarkably well with prokaryotic HTH motifs. It is some-
what remarkable that this deep-branching protozoan
protein has properties of both prokaryotic and higher
eukaryotic proteins, arguing strongly for an evolutionary
connection between these DNA binding proteins.
Figure 1. Structure of the Initiator Binding Protein from T. vaginalisDNA contacts by the IBP Inr binding domain extend
Upper left: structure of the IBP Inr binding domain, highlighting thebeyond the expected 6 base pair Inr core consensus
helix-turn-helix (purple) motif embedded in the ETS-like domain andelement. In addition to major groove contacts by the
the unique 310 helix (orange) used for DNA recognition. Upper right:DNA-recognition helix and this core consensus element,
structure of the IBP-C domain bound to a C-terminal stand (red)two flanking “wings” make minor groove contacts, char-
from a crystallographically related IBP C domain that is proposed
acteristic of ETS proteins (Sharrocks, 2001). Surpris- to mimic the CTD of RNA polymerase II. Lower panel: model of a
ingly, one of these wings inserts a novel 310 helix into IBP/Inr/RNA pol II complex with putative loops connecting the N
the minor groove sequence upstream of the Inr core and C domains of IBP and the CTD to the rest of RNA pol II, depicted
as aqua and broken red loops, respectively.(Figure 1), making several sequence-specific contacts,
and, together with the other wing, extends the definition
of the Inr core sequence from 6 to 12 base pairs (Smale
pocket of a core domain of another C domain moleculeand Kadonaga, 2003). A series of biochemical studies
in the crystal lattice (Figure 1). The fact that this occursconfirms the requirement of this extended site for high-
within 5 different crystallographic environments arguesaffinity DNA binding by the IBP Inr binding domain. Stud-
strongly for the physiological relevance of this interac-ies implicating the TAFII150/TAFII250 complex as the
tion. Strikingly, the AYPTFAP sequence that mediatesmetazoan counterpart of an IBP (Chalkley and Verrijzer,
these C-terminal tail interactions shows some homology1999) prompted Schumacher and colleagues to search
to the metazoan CTD (Smale and Kadonaga, 2003) andfor sequence homology between these proteins. Re-
even more homology to the corresponding repeats inmarkably, despite very limited sequence homology be-
the CTD of T. vaginalis RNA polymerase II. These find-tween the IBD and these TAFs, the HTH region of the
ings led Schumacher and coworkers to propose thatIBP Inr binding domain shows about 40% sequence
the IBP39 C domain may function to recruit T. vaginalissimilarity to a predicted helical region of TAFII150, includ-
RNA polymerase II through interactions with its CTDing conservation of a critical asparagine residue and a
in vivo. Consistent with this hypothesis, biochemicalstretch of basic residues that are used for DNA contact
experiments by the authors confirm that the IBP39 Cby the IBP Inr binding domain. These studies reinforce
domain interacts with a peptide harboring the T. vagi-the hypothesis that TAFII150 may indeed be the meta-
nalis CTD with mid-micromolar affinity, an affinity thatzoan counterpart of the protozoan IBP Inr binding
would be consistent with the necessity to disrupt thisdomain.
interaction for transcription elongation and termination.The structure of the IBP39 C domain forms an 
Together, the studies on the Inr binding domain andstructure and, consistent with the lack of known se-
C domain of the initiator binding protein of T. vaginalisquence homology, the protein forms a novel structure.
led Schumacher and coworkers to propose a very at-What is particularly interesting about the structure is that
tractive model whereby the IBP Inr binding domain bindseach of 5 crystallographically independent C domain
the promoter Inr, the IBP C domain recruits RNA poly-monomers (multiple copies within different crystallo-
merase II through its interactions with the CTD, andgraphic space groups) reveals a C-terminal tail that
makes analogous contacts within an elongated surface together these IBP domains position RNA polymerase
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II appropriately for start site selection. Significantly, the Getting Secretory Granules
authors find that a IBD/Inr complex can be docked onto Ready for Prime Timethe yeast RNA polymerase II structure (Cramer et al.,
2001) without steric clash between the two proteins and
places the polymerase in a position to interact with
the 1 position of the transcription start site (Figure 1). Several rare human diseases have shed important light
on the secretory pathway required for lymphocyte cy-Indeed, it is quite remarkable that a single IBP might be
totoxicity. In this issue of Cell, Feldmann et al. identifyable to orchestrate this entire process.
mutations in Munc13-4 as a cause of familial hemo-While some of the basic structural and functional fea-
phagocytic lymphohistiocytosis. Munc13-4 appears totures for start site selection in T. vaginalis are likely to
be involved in the priming of cytotoxic granules priorbe conserved in metazoan organisms, it is also likely
to fusion with the plasma membrane.that many differences will exist. This is particularly true
for TATA box-containing promoters, where TFIIB and
The study of a rare genetic disorder is sometimes re-the TBP subunit of TFIID have been shown to play partic-
warded by an unexpected and valuable insight into aularly important roles in start site selection (Li et al.,
fundamental biological problem. This principal is nicely1994). In addition, the precise role played by the CTD
illustrated by the work of Feldmann and colleagues re-of metazoan RNA polymerases in transcription initiation
ported in this issue of Cell (Feldmann et al., 2003). Theis not clear, and whether it plays an analogous role in
story begins with 10 patients from 7 families with the raretargeting core factors to the promoter is an open ques-
immunoproliferative syndrome familial hemophagocytiction. Differences in start site selection between T. vagi-
lymphohistiocytosis, or FHL. FHL is an often-fatal child-nalis and metazoan organisms likely correlate with the
hood disorder, characterized by infiltration of multiplemore complex and variable promoter elements in meta-
organs by activated T cells and macrophages. Patients
zoan species that may contribute to the more complex
with the related disorders Chediak-Higashi syndrome
pattern of gene expression. Nonetheless, studies from
and Griscelli syndrome also exhibit partial albinism. Mo-
primitive organisms such as T. vaginalis will continue to lecular analysis of these rare genetic diseases has con-
provide new surprises and insights into the evolution tributed significantly to our understanding of the granule
and mechanisms of transcription initiation as well as exocytosis pathway integral to target cell killing by cyto-
other biological processes at its most basic level. toxic T lymphocytes (CTL) and natural killer (NK) cells.
These processes are central to the mechanism of alloge-
neic graft rejection, the clearance of tumors and virus-
infected cells, and the overall maintenance of lympho-Ronen Marmorstein
cyte homeostasis. Proteins mediating target cell killing,The Wistar Institute and the Department
including perforin and granzymes A and B, are containedof Chemistry
within preformed lytic granules (Russell and Ley, 2002).University of Pennsylvania
The killer lymphocyte forms a close connection with itsPhiladelphia, Pennsylvania 19104
target at the contact interface. Specific signals then
trigger vectorial movement of lytic granules to the site
Selected Reading of contact, where they dock and fuse with the plasma
membrane and secrete their contents into this immuno-
Chalkley, G.E., and Verrijzer, C.P. (1999). EMBO J. 18, 4835–4845. logical “synapse,” eventually inducing apoptosis in the
Cramer, P., Bushnell, D.A., and Kornberg, R.D. (2001). Science target cell.
292, 1863–1876. Chediak-Higashi syndrome is caused by mutations in
a lysosomal trafficking regulator gene LYST, whereasHarrison, S.C., and Aggarwal, A.K. (1990). Annu. Rev. Biochem.
59, 933–969. Griscelli syndrome type 2 (GS2) results from mutations in
the RAB27A gene encoding a small GTPase associatedHirose, Y., and Manley, J.L. (2000). Genes Dev. 14, 1415–1429.
with the secretory vesicle. Studies of GS2 patients and
Keeling, P.J., and Palmer, J.D. (2000). Nature 405, 635–637.
Rab27a-deficient mice demonstrate a crucial role for
Lau, A.O.T., Liston, D.R., Vanacova, S., and Johnson, P.J. (2003). RAB27A in transporting cytolytic granules to the plasma
Mol. Biochem. Parasitol. 130, 167–171. membrane. LYST and RAB27A deficiencies both also
Li, Y., Flanagan, P.M., Tschochner, H., and Kornberg, R.D. (1994). impair the transport of melanocytes, accounting for the
Science 263, 805–807. partial albinism associated with the corresponding dis-
eases.Liston, D.R., Lau, A.O., Ortiz, D., Smale, S.T., and Johnson, P.J.
(2001). Mol. Cell. Biol. 21, 7872–7882. Prior to the work of Feldmann et al., two forms of FHL
had been identified. FHL2 is caused by mutations in theSchumacher, M.A., Lau, A.O.T., and Johnson, P.J. (2003). Cell 115,
gene encoding perforin (Stepp et al., 1999), establishingthis issue, 413–424.
a critical role for this lytic granule component in inducingSharrocks, A.D. (2001). Nat. Rev. Mol. Cell Biol. 2, 827–837.
rapid apoptosis in target cells. Although not yet identi-
Smale, S.T., and Kadonaga, J.T. (2003). Annu. Rev. Biochem. 72, fied, the FHL1 gene has been mapped to an 5.5 Mb
449–479. segment on human chromosome 9q21 (Ohadi et al.,
1999). FHL1 and FHL2 were excluded on genetic
grounds in all 7 families studied by Feldmann et al., thus
defining their condition as a new form of FHL (FHL3).
